Abstract-This paper deals with control of a solarphotovoltaic (PV) power-generating system interfaced with the grid. A sliding mode control approach is used for achieving maximum power tracking control of a solar-PV array. The Lyapunov function-based control approach is designed and modeled for the dc-ac inverter to serve the functions of an active power injection to the grid, balanced grid currents at unity power factor and load currents harmonics compensation. The proposed approaches eliminate the need of adjustment of system parameters under changing loads and generation scenario. The effectiveness of the proposed control strategies is established using its stability analyses. The performance of the solar-PV powergenerating system with the proposed control algorithms is demonstrated using simulation and experimental studies under various operating conditions. Index Terms-Lyapunov-based function, maximum power tracking (MPT), photovoltaic (PV) array, power quality (PQ) improvement sliding mode control (SMC) approach, stability analysis.
in nature which varies very rapidly changes in solar irradiation. Therefore, solar-based power penetration into grid adversely affects the stability of the network and quality of supply. For the secure and reliable integrations of such solar-PV systems with the grid, different standards are in practice in various countries such as in [2] . To control the operation under these guidelines, solutions have also been reported in the literature using a singlestage inverter [3] , [4] and two-stage inverter [5] [6] [7] [8] .
To know which topology is preferred for a typical application, a comparative study has been made in [9] . The single-stage topology is considered more efficient due to less number of components. However, two-stage power conversion provides more flexibility in design, operation, and control. The dc-dc converter is employed in between the solar-PV array and dc link of an inverter and controlled to achieve maximum power tracking (MPT) from a solar-PV array.
Various control approaches have been reported in the literature to improve the efficiency of the solar-PV array [10] . Each MPT method has its own advantages and disadvantages. Compared to the existing MPT methods, the perturbation and observation method is widely used in industry due to its simplicity, but it suffers during rapid solar irradiation change [10] , [11] . In addition, at steady state, the operating point oscillates around the maximum power point (MPP), which leads in losing some amount of the available energy, increased switching noise and losses. Many solutions have been reported in the literature to solve this problem. In [12] , it has been proposed to reduce steps size. This technique is effective but it makes the control sluggish during rapid change in solar irradiation. In [13] , adaptive perturbation step size has been employed to get better performance. However, this method is complex in implementation as it needs the location of the operating point. In addition, the control is switched in between adaptive duty cycle and fixed duty cycle control, which makes its implementation difficult in real time.
Sliding mode approach (SMC) as solution is proposed in [14] to solve the problem related to the operating point that oscillates around the MPP, and to ensure stability of the system with fast dynamic response. However, chattering phenomenon is its major drawback and because of it, this induces many undesirable oscillations in control signal. Therefore, to maintain the amplitude of oscillation at low level, chattering must be decreased or eliminated. To achieve this objective, many chattering suppression methods have been suggested in the literature. In [15] and [16] , boundary layer solution is proposed, and in [17] , observerbased solution is used. Furthermore, in [18] , sliding mode is limited to an inner control loop of a cascaded control structure to reduce the chattering, and in [19] [20] [21] [22] [23] , generating integral sliding mode, terminal SMC, and nonsingular terminal SMC have been proposed.
Each proposed technique has its own advantages and disadvantages, but it is clear that the selection criterion of solution, which is able to eliminate the chattering phenomenon, is related to the order of the mathematical model of the uncertain system and the type of application. Nevertheless, in some applications, such as aircraft and electric automotive control, which require a high level of precision, advanced SMC is strongly advocated. Unfortunately, their implementations in real time are challenging. However, in other typical applications, SMC is applied to the control of the dc-dc converters or dc-ac inverters. In such applications, a conventional nonlinear SMC is considered more suitable as they are less complex and easy to implement in real time [24] .
Improved nonlinear SMC to drive the PV voltage to follow its reference is proposed in [25] . This approach is simple, but unfortunately the use of the low-pass filter between the perturb and observe controller and the SMC influences the dynamic response of the system. Further, the use of sensed capacitor current in the model reduces the reliability particularly in high environmental temperature conditions.
For improving the grid stability and power quality (PQ) at the point of common coupling (PCC) and delivering the generated power from the PV array in to the grid, the dc-ac inverter is mostly employed. Several control schemes have been reported in the literature to achieve above tasks using the dc-ac inverter, such as model predictive control and instantaneous PQ control [26] . Some control approaches have used adaptive algorithms such as presented in [27] and [28] . However, most of these approaches have not extensively verified under the presence of nonlinear loads with grid supply. In addition, they have employed more number of proportional-integral (PI) controllers, due to which steady-state error at the fundamental frequency cannot be nullified in the presence of dynamics of the integral action.
Lyapunov function-based control for a shunt hybrid active filter is proposed in [29] to improve the PQ at the PCC. Compared to the other control approaches, the Lyapunov function-based control is robust and effective because of the use of less PI controllers and stability enhancement. Unfortunately, authors have not considered all system parameters in selection of the gain controller, which leads that the proposed approach may suffer during transition period. To overcome this drawback, the authors in [30] have enhanced this control approach by integrating new outer voltage loop in order to eliminate the steady-state error in the output voltage during perturbation or transition period. This approach is effective but it cannot be used for a three-phase inverter.
Inspired from the previous work, this paper presents sliding mode-based layer concept and Lyapunov function approach used for the control of the dc-dc boost converter and the dcac inverter, respectively. The proposed approach eliminates the application of many PI controllers for the control and uses only single PI controller for dc-link voltage regulation. The detail modeling, design of the gain controllers, and stability analysis of the proposed approach are investigated to prove its efficacy under various field operating conditions. Simulation and experimental results are presented subsequently in the presence of different loads and change in solar irradiations. Fig. 1 shows the proposed system under study. It consists of a solar-PV array tied to the grid through a dc-dc boost converter and a three-phase dc-ac inverter. To attenuate the switching ripples at the ac terminals of the dc-ac inverter, a star-connected three terminal RC ripple filter is connected. The dc-dc boost converter is controlled using the SMC approach in order to achieve MPT from the PV array with regulating the dc-link voltage of the PV array. The dc-ac inverter is controlled using the Lyapunov function-based approach in order to feed the solar-PVgenerated power to the grid, to compensate harmonics present in load currents and to ensure balanced grid currents at unity power factor.
II. SYSTEM CONFIGURATION

III. MODELING AND CONTROL OF CONVERTERS
Modeling, control, and stability analysis of the dc-dc boost converter and the dc-ac inverter are presented as follows.
A. Modeling and Design of Control Scheme for the DC-DC Boost Converter
The objectives of the proposed control for the dc-dc boost converter are to achieve the MPT from the solar-PV array and step up its output voltage. To achieve these tasks, the PV output current i pv and voltage v pv , as well as the output voltage of the boost converter v out , which represents the dc-bus voltage v dc are sensed. The control provides the duty cycle u required for switching the control switch.
The model of boost converter is obtained based on two operating modes in continuous conduction as follows:
For where L, C out , and R represent inductance, capacitance of the filter, and the equivalent load resistance for the boost converter, respectively. Based on (1) to (4), the state-space average model of dc-dc boost converter are obtained as follows:
where u is the duty cycle.
B. MPT Control Based on the SMC
The MPT is achieved using the SMC. Fig. 2 shows the block diagram of the proposed SMC based control of dc-dc converter. The design is obtained using the following steps.
1) Selecting of Sliding Surface:
The sliding surface σ is selected as given in (7), to ensure reaching the surface and extracting the maximum power from the solar-PV array
where P pv is the PV output power, which is defined as follows:
Substituting (8) in (7), the following expression is obtained as follows:
Rearranging (9), the sliding surface is defined as follows:
2) Equivalent Criteria for Control: The equivalent control is obtained by setting the derivative of (10) to 0. So, the structure of the desired control is defined as follows:
where k is a gain constant and u eq is the equivalent control, which is obtained as follows:
The nontrivial solution of (12) is given as follows:
From (13), the following equivalent control is obtained:
The duty cycle u is limited between 0 and 1. Therefore, the structure of SMC is defined as follows:
3) Stability Analysis: The objective of the approach using SMC is to ensure the convergence of the operating points to define the sliding boundary. Therefore, for assuring the stability of the control, Lyapunov function is used as follows:
The system is considered globally stable if the derivative of (16) is negative
Substituting (5) and (10) in (17), the following relationship, which is composed of three terms, is obtained:
where v pv is the PV output voltage, and it is defined as follows [19] :
The PV saturation current (i D ) and the light-generated current (i ph ) are expressed as follows:
where k b , T, A, q, G, i scr , T r , k i , i rr , E g , and Q represent the Boltzmann's constant, cell temperature, ideality factor, charge of an electron, solar irradiance, short-circuit current, reference temperature, short-circuit temperature coefficient, saturation current, band-gap energy of the material and total electron charge, respectively. The terms in (18) contain the derivative and the second derivative of (19) , which are given as follows:
In order to verify that the system is globally stable, the sign of the (18) is obtained. It is observed that (18) contains three terms. The first and the second terms contain the first derivative and the second derivative of the output PV voltage given in (22) and (23), respectively. However, to obtain the sign of (18) , it is better to verify the sign of each term in this expression independently. With help of the parameters of the PV array given in Table II in the Appendix [19] , the first term of (22) is calculated equal to k b T A/q = 0.0026. In addition, as it is observed in the equivalent model of the PV array shown in Fig. 1 that the current i ph is always greater than currents i D and i L . Therefore, the second term in (22) is always less than the first one. Based on above, the sign of (22) is always negative.
The same logic is applied to determine the sign of the second derivative of the output voltage given in (23) . In comparison with (22) , the denominator of the second term in (23) is square; it leads that second term is smaller than the first term (k b T A/q = 0.0026). Therefore, the sign of (23) is also negative. Based on these results, it is concluded that the sign of the second term of (18) is negative.
The sign of the first term in (18) is positive because of the value of the output PV voltage is positive and greater to (i L (∂v pv /∂ iL )). Further, the sign of the third term in (18) must be positive. To verify the sign of third term in (18) , one replaces d in the third termby (11) and (14) . After rearranging and simplifying the third term, following expression is obtained as follows:
The first term is always positive. Therefore, to satisfy the condition given in (18) , the second term in (24) should be positive, which is obtained by applying the following conditions:
where k is positive gain parameter. Based on the previous discussion, it is verified that proposed control approach is stable for the dc-dc boost converter.
The chattering phenomenon caused by the continuous jumping of the system trajectory when it is operating near sliding surface (σ = 0) is the major drawbacks of the proposed SMC approach given in (15) . Therefore, to eliminate this undesired chattering phenomenon, sliding layer concept is used as shown in Fig. 2 and described as follows:
where Ф represents the sliding layer, which is defined between -0.5 and 0.5.
4) Controller Gain Design:
To ensure that the proposed SMC performs better, the control gain (k) should be selected to drive the trajectory to the slide surface in infinite time. The dynamic response of the inductor current, which represents the output PV current for different values of "k," is shown in Fig. 3 . It is observed that for high values of k, the dynamic response of the inductor current is faster. Therefore, for fast dynamic response, the control gain is selected equal to k = 50.
Testing of the performance of the proposed SMC using the optimal value of k is shown in Fig. 4 . The simulations are carried out using MATLAB/Simulink. Observations are obtained at fixed temperature (T = 24
• C) and different solar irradiations as shown in Fig. 4(a) , and at different temperatures with fixed solar irradiations (G = 1000 w/m 2 ), as shown in Fig. 4(b) . The output PV current (i pv = iL ) follows its desired reference at finite time and the output PV voltage (v dc = v out ) is maintained constant during both tests, which confirm that the proposed SMC performs better at this optimal value of control gain.
C. MPT Control Based on the SMC
The block diagram of the proposed Lyapunov-based control algorithm for the dc-ac inverter is shown in Fig. 5 . The inverter is switched to control the active power flow between the dc bus and the grid, to improve the PQ at the PCC by compensating load current harmonics and to balance the grid currents at unity power factor. For the control scheme, load currents, inverter currents, and grid voltages are sensed.
The control laws u na , u nb , and u nc are determined using these sensed signals. Park's transformation is used to obtain synchronously rotating d-q variables for load currents, inverter currents, and grid voltages. The phase-locked loop is used to calculate the grid voltage phase angle used for the transformation. The control laws are obtained using mathematical modeling of the dc-ac inverter, control design and after verification using stability analysis.
The mathematical expressions used for the modeling are as follows. Applying Kirchhoff laws at inverter ac and dc terminals provides expression for three-phase supply system, which are transferred into synchronous rotating grid voltage reference frame using Park's transformation. The resulting mathematical model in d-q reference frame is expressed as follows:
, u nd , and u nq denote the equivalent resistance and inductance at the ac terminals of dc-ac inverter, dc-link capacitor of the dc bus, inverter currents in d-q frame, equivalent voltage in d frame, dc voltage, angular frequency of the grid, and the control laws in d-q reference frame, respectively.
For the unity power factor operation of grid currents, the reference q-axis component of grid currents i sq must be kept equal to zero. Moreover, the q-axis component of the grid voltage is considered equal to zero (v sq = 0) for reference frame aligned with voltage vector. Therefore, under the steady-state conditions, following equality conditions are justified:
where I sm , i invdref , i invqref , u nd0 , and u nq0 denote the amplitude of the grid current, d-q axis inverter reference currents, and the d-q axis steady-state value of the control variables.
Putting these equalities in (28), the following expressions are obtained as follows:
and u nd = u nd 0 + Δu nd u nq = u nq 0 + Δu nq (30) where Δu nd and Δu nq denote perturbations of global switching functions.
1) Stability Analysis:
The stability of the proposed control system is verified using Lyapunov stability criterion, which is presented in Section III (B 3 ). The system under consideration is stable if the total energy of the dc-ac inverter system decreases along the system trajectories. The positive-definite Lyapunov function in this case is described as follows:
Thus, the system is considered stable if the derivative of (31) is negative (32) gives
Substituting (30) and (32) in (28), and with help of (29), the following expressions are obtained as follows:
Substituting (35)- (37) into (34) gives the following expression:
It is observed that the first term
2 ) is always negative. Therefore, to verify the Lyapunov stability condition, the second and the third terms should be negative. To obtain this negative sign, the perturbations of the global switching (Δu nd and Δu nq ) should be chosen as follows:
where β denotes the gain of the controller. 
2) Choice of β:
The choice of β is based on the dynamic response of the system and desired PQ at the PCC. However, the correct value of β corresponds to fast dynamic response of the system and less harmonic distortion (total harmonic distortion (THD)) of grid current at the PCC. In order to achieve these objectives, several cases with different β are considered as given in Table I . It is observed that with β = 5, the response of the system is fast (t = 0.16 s) and the THD grid current is least (3.4%). Therefore, β is considered 5 for obtaining the control.
3) DC Voltage Regulation: The dc-link voltage v dc must be maintained constant at the reference value to ensure correct injection of the power to the grid under change in solar irradiance and to improve the PQ at the PCC. As shown in Fig. 6 , a conventional PI controller is adopted to regulate the dc-link voltage.
The output of PI controller in the time domain is given as follows:
where k p , k i , i c (t), and Δv dc (t) denote the proportional and integral coefficients, link active power component of grid current, and the dc-link voltage error, respectively. The transfer function of a PI controller is found by taking the Laplace transform of equation given in (41) as follows:
The open-loop transfer function of the dc-link voltage regulation loop shown in Fig. 6 is described as follows:
and the corresponding closed-loop transfer function is expressed as follows: 
The closed-loop function H(S)
is the second-order system, in which the damping ratios ξ and the system bandwidth ω c are equal to
To achieve a good compromise between dynamic and static performances, the value of damping ratios ξ must lie between 0.4 and 0.8. The bandwidth frequency that gives phase margin varies between 45°to 65°. Bode plot based on different values of the bandwidth frequency is used as shown in Fig. 7 . It is observed that for fast and stable response, the bandwidth frequency is equal to 433 rad/s and the phase margin is equal to 64°. The k p and k i corresponding to the selected bandwidth frequency are 0.98 and 200, respectively.
4) Selecting of DC-Link Voltage:
The minimum dclink voltage of the voltage-source converter should be greater than twice the peak of the ac phase voltage of the grid. The dc-link voltage V dc is estimated as follows [31] :
where V dc , m, and v sab denote the minimum value of the dc-link voltage, modulation index, which is considered as 1, and the ac phase voltage of the grid, respectively. Hence, the minimum dclink voltage from (42) is estimated as 81.64 V, and is selected as 120 V.
IV. SIMULATION AND EXPERIMENTAL RESULTS
The performance of the solar-PV power generation system as shown in Fig. 1 and its proposed control algorithm presented in Figs. 2 and 5 are verified using the simulation model developed in MATLAB/Simulink. A prototype of the system is developed in the laboratory as shown in Fig. 8 . The performance is evaluated on a small-scale 500 VA system using a DSP (dSPACE) controller; LabVolt solar emulator is used as a PV array. Hall's effect current sensors (LEM LA-55P), Hall's effect voltage sensors (LEM LV-25P), signal conditioning circuit, three-leg ready on shelf inverter, and dc-dc boost converter are used for prototype development. The gating signals for converters are obtained using three-phase and single-phase pulse width modulation blocks of DSP and an isolation card. A. Performance Under Change in Solar Irradiation Fig. 9 shows simulated results obtained in terms of grid voltage v s , grid currents i s , load currents i L , inverter currents i inv , PV current i pvref and i pv , dc voltage v dcref and v dc , grid power P s , load power P L , and inverter power P inv . The load demand is negligible under the case.
It is observed in Fig. 9 (a) that at 0.8 s, solar irradiation is increased and it results in an increase in i pv and i s . The dc-bus voltage is well regulated. Due to the absence of any load demand, the power provided by the PV array is equal to that injected to the grid. In Fig. 9(b) , the system is subjected to sudden decrease of the solar irradiation at 1.8 s, and it is observed that i pv and i s are decreased. It is noted that even under reduction in solar-PV power, the dc voltage is well regulated and the steady-state error is negligible and the PV current follows its reference. It confirms the robustness of the control algorithms used for the dc-dc boost converter and dc-ac inverter in steady-state and dynamic conditions. load. Three-phase loads are unbalanced between 0.8 and 1.8 s. It is observed in Fig. 10(a) that until 0.78 s balanced nonlinear load is connected at the PCC and at 0.8 s, the load on phase "b" is switched off. The grid currents are perfectly balanced and sinusoidal. The inverter serves the functions of load balancer and harmonics compensator and injects the active power generated by the PV array in to the grid. In Fig. 10(b) , simulation results during switching in load of phase "b" again at 1.8 s are presented. It is observed that the active power injected in to grid is decreased after 1.8 s due to an increase in load demand. Fig. 11 shows the control laws (u nd ) and (u nq ), which are obtained using experimental test (a), and that obtained using simulation under identical operating conditions (b).
B. Performance Under Change in Nonlinear Loads
It is observed that the obtained simulation and experimental results are the same, confirming the validation of the proposed control approach for the dc-ac inverter. Fig. 12(a) shows the real-time steady-state snapshots of response obtained in terms of three-phase grid voltages v sabc , grid currents i sabc , and load currents i Labc . In Fig. 12(b) , the results are obtained for a typical phase "a" variables and dc-link voltage. It is observed that even in the presence of balanced nonlinear loads, the grid voltages and currents are balanced and sinusoidal. To achieve faster convergence and an improved THD, the constant β is selected equal to 5. However, smaller β values can contribute to improve the steady-state performance but they affect the dynamic response of the developed controller. Fig. 13(a) that when solar irradiation is increased at t = 0.2 s, grid current is increased and is in out of phase with grid voltage, which leads that the PV array is injecting power to the grid. However, in Fig. 13(b) when solar irradiation decreases at t = 0.2 s, grid current becomes in phase with grid voltage. In this case, grid is supplying deficit load demands. Fig. 14 shows the real-time snapshots of response in terms of three-phase grid voltages v sabc , grid currents i sabc , and load currents i Labc in the presence of unbalanced and balanced nonlinear loads during the absence of the solar irradiation. It is observed that the grid currents and voltages are completely balanced and sinusoidal, which confirms the robustness of the proposed approach based on Lyapunov function for PQ improvement at the PCC. Fig. 15 (a) and (b) shows zoomed view of test results recorded under balanced/unbalanced nonlinear load with constant solar irradiation. It is found that the system is stable and the dc-ac inverter behaves as a shunt active filter. It compensates load current harmonics and provides balanced grid currents under unbalanced nonlinear loads. In addition, the dc voltage is also regulated at its reference value. Fig. 16(a) shows test results in terms of v dc , i pv , v sa , and i sa during increasing in solar irradiation under no-load conditions. Fig. 16(b) shows results during decreasing in solar irradiation under similar conditions. In Fig. 16(c) , it shows zoomed waveforms. It is found that the PV current changes under variation of the solar irradiation and subsequent changes are noticed in grid current. It employs the robustness of the proposed control for the dc-dc boost converter. It is clear that the dynamic response in terms of regulation the dc voltage is fast during the transient period (increasing and decreasing of the solar irradiation). Fig. 17(a), (b) , and (c) presents harmonic spectra and THDs of the load current, grid current, and grid voltage for phase "a," respectively. These THDs of grid current and voltage are within acceptable standard limits of 5% when the load current THD is 18.2%. It clearly demonstrates that the proposed control algorithm serves the function of a harmonics eliminator.
V. CONCLUSION
A sliding mode and Lyapunov function-based control algorithms were presented for the boost converter and dc-ac inverter used for the solar-PV power-generating system array tied with the grid. Detailed design and stability analysis for both control approaches were discussed to confirm its applicability under various operating conditions. The proposed approach minimized the requirements of a PI controller and only single PI controller was employed for dc-bus voltage loop. The obtained simulation and experimental results established that presented control approach performed satisfactorily under different operating conditions without adjusting the controller parameters. 
APPENDIX
